Detection of polyvalent ion impurities in monovalent salts by vibrational sum frequency spectroscopy.
Although previous VSFS studies on monovalent ion interactions with a fatty acid Langmuir monolayer, have considered the influence of potential organic impurities in the salts used, 1, 2 the effect of trace ion contamination in high purity salts has never been addressed. Figure S1a shows repeat VSF experiments of deuterated arachidic acid monolayers on 1 M NaCl solutions in the absence of EDTA in the subphase. The salt was high purity NaCl (99.999% trace metal analysis, Sigma-Aldrich) that had been baked at 500°C before use. The spectra in the carboxylate stretching region is highly irreproducible ( Figure S1 ). These variations were independent of the salt batch used, with changes observed even for solutions prepared from the same salt container. At least four symmetric carboxylate bands are identified in the spectra. They are centred at 1408 cm -1 , 1435 cm -1 , 1445 cm -1 , and 1475 cm -1 . The three bands at higher frequencies are associated to the formation of polyvalent metal -carboxylate complexes. 3, 4 The overall intensity of these bands is higher than those reported in the main article in the presence of EDTA, as divalent and trivalent ions will further promote the deprotonation of the monolayer. For example, when the 1445 cm -1 and/or 1475 cm -1 bands are present in the spectrum, the carbonyl signal at 1720 cm -1 decreases significantly, indicating a relatively lower proportion of uncharged carboxylic acids groups in the corresponding monolayers. The spectral features linked to the state of complexation also exhibited time-dependent variations as shown in Figure S1b . At time "zero" the hydrated carboxylate stretch at 1408 cm -1 dominates the spectrum. However, 1 hour later it is the 1475 cm -1 peak associated with a multivalent cationcarboxylate complex that prevails. This behavior is characteristic of a diffusion-controlled adsorption mechanism, expected for trace metal ions in the ppm to ppb concentration range. We note that a similar time-dependent behavior was reported by Tang et al. 5 for Na 
NaCl 1M
acid monolayer, which in the light of the work presented here, was incorrectly interpreted as K + having a higher propensity to bind to the carboxylate headgroup.
The appearance of multiple bands in the carboxylate stretching region was not limited to NaCl, as the same behavior was observed, for example, for CsCl (99.999% trace metal analysis) and LiCl (99.99% trace metal analysis) as shown in Figure S2a . Upon introduction of EDTA in submicromolar concentrations to the subphase, only the hydrated carboxylate stretch at 1408 cm -1 remains as shown in Figure S2b (red spectrum). The spectra become then reproducible and time independent.
Figure S2 -VSF spectra of dAA monolayer collected in the SSP polarization combination at 22 °C and pH~6 on (a) 1M NaCl, LiCl and CsCl subphase in the absence of EDTA, and (b) NaCl after addition of 0.5 µM EDTA to the subphase.
EDTA is a soluble chelating agent widely used in biochemistry to remove traces of polyvalent impurities in monovalent salt solutions. EDTA, consisting of four carboxylic acid groups with four acidity constants 6 (pK a1 2.00; pK a2 2.67; pK a3 6.16; pK a4 10.26), shows high binding affinities to polyvalent cations. The equilibrium constants for the formation of complexes with different cations in solution are summarized in Table S1 . The stability constants are significantly lower for the alkali metal cations when compared with selected divalent and trivalent cations, which are commonly present in trace amounts in high purity salt used (in the ppb and ppm range). 
(20°C)
EDTA has a relatively high solubility in water (solubility limit of 1.37 mM at neutral pH and at 20°C) and does not affect the pH when present at concentrations below 1 µM. At higher concentrations, EDTA lowers the pH of the solution (up to pH 4.5 for 20 µM of EDTA). The amount of EDTA required to remove trace divalent and trivalent ions varied depending on the salt batch used, but concentration ≤20 µM was typically sufficient for most cases. Note that for a 99.999% purity salt the amount of trace metals is typically specified as ≤ 15 ppm, while for a 99.98% purity salt this value raises to ≤ 250 ppm.
This is equivalent in a 1 M solution to 15 µM, and 250 µM of trace metals, respectively. In this sense, salts of the highest purity available are preferred. Nonetheless, the most relevant point is the total amount and identity of the divalent and, in particular, trivalent ions in solution, which could vary significantly from batch to batch (including the same salt container).
Additionally, EDTA is not surface active and consequently does not disturb the fatty acid monolayer.
This was proven by surface tension measurements, where a 1 mM EDTA solution showed, within error, the same surface tension values as for pure water. VSFS also shows that the packing of the fatty acid alkyl chain is not affected by the presence of EDTA ( Figure S3a) , with no signs of CH stretching modes when measuring the SF spectrum of a dAA monolayer on 1 M NaCl subphase containing EDTA ( Figure   S3b ). 
Determining the Raman depolarization ratio of the C=O stretch.
The Raman spectra used for determining the depolarization ratio of the carbonyl band were collected in a home-built spectrometer described in detail elsewhere. To determine the depolarization ratio of the carbonyl group, polarized Raman spectra parallel (I║) and perpendicular (I ┴ ) to the polarization plane of the exciting laser were collected for a 250 mM butyric acid solution (see Figure S4 ). Diluted acid solutions were used to make certain the carboxylic acid was found in its hydrated form, as dimeric species are expected at high concentrations. In Figure S4 , the vibrational mode at ~1715 cm -1 is assigned to the carbonyl stretch of the hydrated carboxylic acid. 8 The spectra were fitted to Gaussian lines shapes resulting in the parameters summarized in Table S2 . The depolarization ratio (ρ) of the carbonyl group, defined as ρ = I ┴ / I║, was found to be: Figure S4 -Raman spectra polarized parallel (I ║ ) and perpendicular (I ┴ ) to the polarization plane of the exciting laser of a 250 mM aqueous butyric acid solution. Spectra had previously been subtracted from those of pure water to remove contributions from the solvent. Excitation source: 532 nm CW 300 mW laser. Details of the spectrometer can be found elsewhere. Raman Intensity (a.u.)
where C  is the bulk ion concentration, e the elementary charge, z i the valence of the ion i, ε and ε 0 the permittivity of the medium and vacuum, ψ 0 the electrostatic potential at the surface, and σ the surface charge density.
Prediction of the monolayer deprotonation.
The dissociation of the acid group in the monolayer can be expressed as:
where, K a is the acidity constant, α the fraction of dissociation of the acid, and the subscript "0" refers 
The surface charge density of the monolayer () is related to the surface potential by equation S3, and can be expressed as a function of the known area per molecule (A M ) and degree of deprotonation (α):
Combining equations S3, S8 and S9 results in equation S10 that allows calculating the degree of deprotonation as a function of the electrolyte concentration and hydronium ion concentration in the bulk:
Modified Poisson Boltzmann (MPB) model accounting for steric effects
For monovalent ion concentrations exceeding 50 mM, and/or surface potential >250 mV, the fundamental assumptions of the Poisson Boltzmann theory are no longer valid. In particular, the predicted ion concentrations at the surface exceed what is physically possible, and the finite size of the ions need to be taken into account to correctly predict the surface potential and distribution of ions near the interface. 15, 16 This can be accomplished using a modified Poisson Boltzmann model (MPB) that considers steric effects by introducing the packing parameter ν (Equation S11), that depends on a, a fitting parameter linked to the effective ion size.
15, 17
Taking into account the steric correction, the Boltzmann distribution for cations as a function of the bulk ion concentration C  , is written instead as:
The MPB equation is solved using the same boundary conditions as for the PB equation: ψ (x = 0) = ψ 0 , ψ (x→∞) = 0, dψ/dx (x→∞) = 0, leading to an expression that relates the surface charge density () to the surface potential, which for a 1:1 electrolyte results in:
or alternatively, when solving for the surface potential as:
The monolayer deprotonation as a function of pH and surface potential can be described following the same procedure used above for the Gouy-Chapman model (Equations S4 to S8). Note that when expressing the hydronium ion concentration at the surface (Equation S5), we neglect the correction accounting for the specific size of the hydrated proton (denominator in Equation S11) and assume a classical Boltzmann distribution for the proton. This is justified given low proton concentrations in solution that the surface potentials do not exceed 0. 
Fitting our data at pH 6.0 (Figure 2 ) with equation S15 gives dimensional parameters a = 7.5 Å for CsCl, a = 7.5 Å for NaCl, and a = 9 Å for LiCl (+/-0.2 Å). The fitted parameter "a" is associated with a characteristic size of the ion, accounting for the ionic hard sphere, its hydration shell, and possibly lateral interactions. These values are in the right order of magnitude and qualitatively consistent with hydrated cation diameters. experimental values were available for the interactions of cations with the carboxylic acid. Therefore, the sizes (σ) from the chloride salts were kept and the depths of the interaction (ε) were adjusted based on all-atom simulations with the van der Vegt's force field. 18 All obtained parameters are specified in Table S3 . Charmm36 force field describing the monolayer was tested for comparison of the structural features to the OPLS force field and the experiment. The orientation of the carbonyl group (C=O) of the acid relative to the surface normal was calculated as a function of the deprotonation degree of the monolayer (see Figure S5 ). One-peak distribution, with an exception of a small shoulder at 0 % deprotonation, was obtained. A peak shift further from the surface plane was also observed (67°  65°) but much smaller than with the OPLS force field (83°  73°).
An ionic force field implicitly accounting for ion polarization 20, 21 was also tested in order to determine the amount of cations at the surface as a function of the monolayer deprotonation. The same qualitative results were obtained as with the van der Vegt's force field. 18 Comparing the cations at Figure S6 , we observe that the preferential interaction follows Cs for the monolayer and a scaled charges force field for the ions.
Langmuir isotherms of dAA. Effect of ion concentration and pH.
The surface pressure vs molecular area isotherms remained very much the same for all the different subphase conditions studied in this work, which included varying the pH from 4.5 up to 9.0, as well as the identity and concentration of the alkali metal salts (NaCl, LiCl, and CsCl). Examples are shown in Figure S7 , were for different pH and salts the isotherms overlapped within an error ±0.5 Å
2
. This is in stark contrast to the case of having divalent ions in the subphase, 22 or for pH>11, Note that although the isotherms measured at pH 9 overlapped within the error range, a small difference in the slope of the tilted condensed phase was observed depending on the nature of the electrolyte. The largest slopes was observed for Li+, which forms a contact ion pair with the carboxylate as discussed in the article.
Figure S7
-Langmuir isotherms of a dAA monolayer on a 1M subphases of NaCl, LiCl, and CsCl at pH 6 and 22°C. Equivalent isotherms for pH 9 are shown as an inset.
VSF spectra in the CD stretching region collected at the SPS and PPP polarization combinations.
The VSF spectra of the alkyl chain of the deuterated arachidic acid in a tilted condensed phase (20 mN/m) on a 1M NaCl pH6 subphase, collected under the polarization combinations SSP, SPS and PPP is shown in Figure S8 .
Figure S8 -VSF spectra in the CD stretching region of dAA on a 1 M NaCl, pH6 subphase collected in the SSP (black), SPS (red) and PPP (blue) polarization combinations. Note that the asymmetric CD 3 stretch at ~2217 cm -1 dominate the SPS and PPP spectra. 
Orientational analysis of the C=O bond.
An orientational analysis of the carbonyl band was performed to further understand the origin of the observed changes in SF signal intensity upon deprotonation, and to determine the actual orientation of the C=O bond at the interface.
24-28
The procedure for a carbonyl group was described in detail in a previous publication, and here we follow a similar approach.
29
The C=O is treated as a first approximation as having a C ∞ν symmetry, which implies that out of the 27 elements of the hyperpolarizability tensor only 2 independent elements remain:
, where a, b, and c correspond to the spatial coordinates of the molecular frame, with c in the direction of the bond. To determine the ratio between the two independent hyperpolarizability elements we make use of the Raman depolarization ratio of the carbonyl measured above (section 2 in SI):
Where the parameter r is related to the Raman depolarization ratio () by:
From the molecular to the laboratory frame
The hyperpolarizability elements in the molecular frame are transformed into the laboratory coordinates (x, y, z) using Euler rotation transformation matrices. At isotropic (in the plane) interfaces the hyperpolarizability are averaged over the azimuthal angles. The non-linear susceptibility can be expressed as a function of the hyperpolarizability, where only the tilt angle ( C=O ) remains.
Two distribution functions were assumed for the tilt orientational averaging: a delta distribution (δ) and the more realistic Gaussian distribution function (see Figure 3d in article):
Where θ 0 refers to the mean orientation angle, σ 2 to the variance and f(θ) to the averaging function. A standard deviation of 15° has been used in our calculation (see Figure 3d in article).
Finally, to take into account the intensity variations associated to our experimental geometry the Fresnel factor were calculated (Equations S20 to S25). The angles of incidence for the visible and IR beams are 70°, and 55°, respectively. The refractive indexes of the bulk incident phase (n 1 , air) were trivially set to 1, while for the bulk liquid phase (n 2 ) those from pure water at the corresponding frequencies were used. 30 Further, the "refractive indexes" for the interfacial thin polarization sheet (n') were arbitrarily set to 1.25.
where  n and  n are the angles of incidence and refraction, respectively.
The intensity of the SF signal SSP, SPS, and PPP are proportional to the square of the corresponding effective non-linear susceptibility. To determine the tilt angle ( C=O ) we compare the ratio of the theoretical curves that model the changes in intensity as a function of the tilt angle, with our experimentally determined amplitudes under different polarization combinations (i.e. SSP, PPP and SPS).
Fitting of the VSFS spectra
The spectra were fitted using a convolution of Gaussian and Lorentzian line shapes as presented in Equation 1 in the main text. The fitted amplitude of the symmetric carboxylate band was used to calculate the degree of deprotonation of the monolayer having as reference the expected amplitude for a fully deprotonated monolayer at pH 13.
23 Figure S9 shows the fitted curve of the dAA on a 1 M LiCl subphase taken from Figure 2a in the paper. The spectra were fitted using the 8 vibrational contributions as summarized in Table S4 . Due to the coherent nature of the SF generation, information is also contained in the phase of the signal, given by the sign of the amplitude. Opposite signs, typically reveal an opposite net polar orientation of the chemical functional group. Table S4 -Fitting parameters for the spectrum shown in Figure S9 . ω i , Γ i , σ i , and A i correspond to the frequency of vibration, the homogeneous and inhomogeneous broadening, and the amplitude, respectively. The values indicated with a star (*) have been fixed during the fitting procedure. The non-resonant background was A NR = -0.13 ±0.01. Table S5 shows the fitted parameters used for the orientation analysis of the carbonyl band (Figure 3 in paper). The SSP over SPS intensity ratio for the C=O band varies upon deprotonation from ~1.6 in pure water, to ~2.5 in 500 mM NaCl. According to the orientational analysis theoretical curves (Figure 3d ), the increase in the SSP / SPS ratio confirms the change of orientation, with the carbonyl tilting closer to the surface normal as the monolayer deprotonates. Note that the fitting amplitudes need to be squared in order to compare them with the values in the theoretical curves, which are shown in the main text as a ratio of intensities (Figure 3d ). Table S5 -Fitting parameters of the VSF spectra of Figure 3 . Only the vibrational modes relevant to the orientational analysis are presented.
dAA on pure water subphase - Figure 3a Mode ω i (cm response.
The SF response can originate from water molecules in the immediate surface region ( s (2) ) and/or in the diffuse double layer that extends further into the bulk ( (3) term). [31] [32] [33] The intensity of the SF signal (I SF ) is proportional to: where I vis and I IR are the visible and IR beam intensities, respectively; 
is the effective third-order susceptibility, which is dominated by water molecules perturbed by the exponentially decaying surface electric field, E DC (z); k z is a phase factor accounting for the limited coherence length of the SF process, and   is the Debye screening length. In the geometry of our experiments k z -1 ≈51 nmIn the model shown as a red line in Figure 6b (main text) the  s
2)
was set to be equal to -0.12 (1-2and  3)
,
where is the degree of deprotonation of the monolayer. 23 The decrease of  s
2)
with degree of deprotonation is justified since it was established that it primarily originates from water molecules interacting with the uncharged carboxylic acid moiety, which relative proportion decreases as the monolayer deprotonates (the prefactor of 2 multiplying was selected as it gave a better fit to the experimental data at low ionic strengths). 23 Actually, at 1 M the OH spectral features are almost identical to those for pure water, only that the absolute intensities are reduced by approximately 50%. This suggests that at high ionic strengths the last term in equation S26 vanishes. Since the surface potential is not zero, the direct implication is that the value of  3)
does not remain constant and equal to 1, but decreases with ionic strength, reaching a value of almost zero at 1 M NaCl. In other words, the value of
is no longer equivalent to the bulk value, 34, 35 but decreases as the condensed surface layer of 
